We investigated the rare-earth transition metal oxide series, Ln 2 CuTiO 6 (Ln=Y, Dy, Ho, Er and Yb), crystallizing in the hexagonal structure with non-centrosymmetric P6 3 cm space group for possible occurrences of multiferroic properties. Our results show that while these compounds, except Ln=Y, exhibit a low temperature antiferromagnetic transition due to the ordering of the rare-earth moments, the expected ferroelectric transition is frustrated by the large size difference between Cu and Ti at the B-site.
INTRODUCTION
Multiferroicity, defined as the simultaneous presence of two ferroic order parameters (usually, spontaneous presence of magnetization and electric polarization), has attracted huge attention in recent times. 1, 2 Relatively small number of known cases of multiferroic materials has been explained 3, 4 in terms of contradictory requirements for magnetism and ferroelectricity. While magnetism requires formation of moments, typically provided by finite number of d electrons at a transition metal site, proper ferroelectricity is associated with a polar off-centering of a transition metal ion favored by its d 0 state. In order to have a finite macroscopic electric polarization, the crystal structure has to necessarily be noncentrosymmetric. Thus, one obvious way to search for a multiferroic material is to explore non-centrosymmetric crystal structures with presence of two types of transition metal ions, one with a finite d-occupancy and the other with a d 0 configuration. In such a situation, magnetism and ferroelectricity have the possibility of being supported in the two different sub-lattices. 5, 6 In the ideal situation, these two order parameters may also influence each other due to the inevitable presence of electronic coupling between the two sub-lattices via finite hopping interactions. 6 With this background in mind, we
identified Ln 2 CuTiO 6 (Ln=rare earth) crystallizing in the non-centrosymmetric P6 3 cm structure and containing Cu 2+ (3d 9 ) and Ti 4+ (3d 0 ) ions as a likely candidate to exhibit multiferroic properties. Our experiments, however, establish that neither Cu 2+ ions nor Ti 4+ ions order magnetically or ferroelectrically. While Ln 2 CuTiO 6 shows a low temperature (~4 K) antiferromagnetic transition, this arises from a magnetic ordering of study, while generalising the earlier observation of unusual dielectric properties of a single compound to the entire family of compounds, probes the microscopic origin of these results by comparative theoretical and experimental investigations and also elucidates magnetic properties of these compounds. system, where nominally one would expect a zero angular momentum also in the atomic limit.
METHODS

Ln
Both Ho and Cu contribute to the magnetic signal in Ho 2 CuTiO 6 , however, it is expected to be dominated by the much larger magnetic moment (10.6 μ B ) of Ho 100 Hz and 100 kHz is only 7%. Dielectric constant values at 1 MHz, measured for some temperatures, were found to be very similar to those measured at 100 kHz. Specifically, the temperature coefficient of the dielectric constant, TC ε' (TC ε' = (1/ ε´r) × (∂ ε´r /∂T)) at 300 K, in this case is (-) 253 ppm K -1 and (-) 263 ppm K -1 at 100 Hz and 100 kHz. This compares favourably with the best value of (-)64 ppm K -1 at 100 kHz reported recently for Ho 2 CuTiO 6 . 7 We also note that ε´r is uniformly large compared to most high-k materials, being discussed in the recent literature. 7 In order to compare the temperature dependence of ε´r for all compounds, studied here, we have plotted the normalized dielectric constants, ε´N = ε´r (T) / ε´r (300 K), for all compounds in Figure 4 on an expanded scale as a function of T measured with a constant frequency of 100 kHz; the behavior is quite similar at other frequencies too. This plot clearly shows that Ho 2 CuTiO 6 has the smallest dependence and Yb 2 CuTiO 6 has the largest dependence of ε´r on T. In order to focus on the frequency dependence, we have plotted ε´r at 300 K as a function of the frequency for all compounds in Figure 5 . From this plot, we find that the frequency dependence of the Er 2 CuTiO 6 compound is the least, while it is the highest for the Figure 6 .
This plot suggests that the frequency dependence of ε´r is relatively temperature insensitive for these compounds. We have summarized the important dielectric properties of all these compounds in Table I . We note that all the Ln 2 CuTiO 6 compounds possess impressively high dielectric constant values. Notably all of them are also characterized by extremely low loss values as seen in Table I , comparable to that (0.002) of BaTi 4 O 9 , a material known for its extremely low loss. 16 The small frequency coefficients for various Ln 2 CuTiO 6 compounds are comparable to that of the gate dielectric material HfO 2 , for which the frequency coefficient is ±1 %.
17
It is interesting to note that the dielectric properties of all these compounds are similar without any obvious systematic trend reflecting the lanthanide contraction while the Ln 3+ ion is varied from Dy to Yb. This can be understood from the structural information. 8 The relevant structural parameters are listed in Table II . While the a and b cell parameters reflect the gradual lanthanide contraction, the c parameter is found to increase at the same time. The overall cell volume does reflect the lanthanide contraction. However, the most important structural parameters controlling dielectric properties are the transition metal (Cu/Ti) -oxygen bond distances. In this structure, there are two axial M-O distances and one equatorial one. These are listed in Table II ; it is evident that these change very little from one compound to other and also do not exhibit any definite trend.
Uniformly large values of ε´r and a low loss (D), as shown in Table I , make these samples a new class of high-K materials with technological possibilities. These samples remain paraelectrics down to the lowest temperature measured (~10 K), as seen from the linear dependencies of their polarizations (P) as a function of the applied electric fields (E) without the observation of any P-E loop. Also, our zero temperature theoretical calculations show these samples to be paraelectric. Furthermore, we probed the possibility of any coupling between magnetic and dielectric properties in these compounds by carrying out magnetocapacitance measurements in the presence of a magnetic field of 5 Tesla and temperatures down to 10 K. Any possible effect of the antiferromagnetic transition, present around 4 K, on the dielectric properties, is expected to have an imprint even at ~ 10 K, this being just 6 K above the magnetic T N . We find complete absence of any magnetocapacitative coupling in the entire temperature range as shown in Figure 7 for Ho 2 CuTiO 6 (T N = 4 K), thus confirming the absence of any coupling between the magnetic and dielectric degrees of freedom in these compounds. It is, however, intriguing to find that in spite of having a large ε´r and possessing a noncentrosymmetric crystal structure, these samples remain paraelectrics. We have investigated this puzzling phenomenon with the help of first principles calculations.
We first note that the structure of Ln 2 CuTiO 6 compounds is isomorphous with the prototypical hexagonal manganite, YMnO 3 . There is an important difference, however:
The B site in YMnO 3 is uniformly occupied by Mn 3+ ions, whereas the B sites in the Table I ), illustrating a robustness of the dielectric constant against changes in the temperature (Figure 4) , with Ho 2 CuTiO 6 and Y 2 CuTiO 6 having the lowest and highest values of TC ε' within this series. At high frequencies, explored in our measurements, the dielectric response of a material has contributions from both electrons and phonons. The electronic contribution, which is the square of the refractive index, usually exhibits a weak dependence on temperature.
Therefore, any strong temperature dependence of the dielectric constant typically arises from the phonon contribution, particularly when a material is close to a structural phase transition of polar or ferroelectric character. Such transitions are characterized by Γ-point vibrational modes which are both soft (below ~100 cm -1 ) and polar. We have earlier 
SUMMARY
We illustrate that the whereas it is relatively higher in case of YCTO.
